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Abstract
Cellulose acetate film loses acetate groups on ageing which results in the formation of damaging acetic acid.   Water-Leach Free Acidity Test (WLFAT) is the definitive technique to quantify acidity, but requires 1g film and 26 hours. ATR-FTIR spectroscopy is a non-destructive, rapid technique which was used to relate the concentration of C=O groups lost during deacetylation to the concentration of  reference  C-H groups. Comparison of  WLFAT and ATR-FTIR showed similar trends in deterioration rate of new, slightly- and highly degraded  films. Both techniques were equally effective at quantifying the degradation of film, though ATR-FTIR could not quantify onset of autocatalysis.  
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Introduction
The loss of acetate groups from cellulose triacetate bases in film results in the formation of acetic acid.  This deacetylation  reaction is known  commonly as ‘the vinegar syndrome’, due to the strong smell of vinegar which accompanies shrinkage and deformation of film.  Degradation does not follow a linear rate, but  is slow during the initial, induction period and becomes more rapid when film contains a high concentration of acetic acid thereby attaining the autocatalytic point. It has been suggested that autocatalysis takes place because the acetic acid remains trapped within the plastic matrix as migration to the surface is slow (Stannet 1950). Once acetate film has attained the autocatalytic point, the only option available today to save the information contained  is to copy it, an expensive and labour-intensive process. 

From a museum or archive viewpoint, it is important to monitor the acid content of film with time to ascertain the current condition of the acetate base and, by extrapolation, the longevity of the film. Armed with such knowledge, a plan of resources for copying film or the implementation of cold storage to slow degradation can be developed. The Water-Leach Free Acidity Test (WLFAT) is considered the definitive technique to measure acidity of acetate film (ISO 18901:2000) and   the most sensitive test for measuring early signs of degradation. It involves extracting one gram of film in water and   titrating  the extract against sodium hydroxide solution. WLFAT is a destructive and relatively slow (approximately 26 hours) process and measures the total acid content of all the water-extractable components of film, including acidic degradation products of base, emulsion and plasticizer. 

Attenuated Total Reflection-Fourier Transform infrared (ATR-FTIR) spectroscopy has proved a useful tool to quantify the degradation at surfaces of polymers, non-destructively (Shashoua 2001).  Infrared radiation is sent through a high density crystal (the internal reflection element) into the  sample. The high refractive index of a diamond internal reflection element compared with that of cellulose triacetate (2.0 and 1.5 respectively) allows data to be collected from a depth approximately equal to that of the wavelength of the infrared radiation, a maximum depth of approximately 2 microns, allowing specific analysis of the film layer of interest (Coombs 1999).

Most of the radiation is reflected but at wavelengths characteristic to the sample, radiation is attenuated and produces a spectrum. ATR-FTIR spectroscopy can be used to identify the functional groups present in a material by locating characteristic peaks and comparing them with reference materials.  Chemical changes due to degradation may be quantified by measuring change in intensities of relevant peaks using height or area of peaks, which is proportional to the concentration of components according to Beer’s Law (Koenig 1999).  
    
The research described here was part of an extensive collaboration between the Danish Film Institute and the National Museum of Denmark to investigate the ability of  aqueous treatments to inhibit deacetylation of cellulose triacetate film (Johansen 2004).  This paper examines the degradation of new, slightly and highly degraded cellulose acetate films before and after washing using WLFAT and ATR-FTIR spectroscopy, compares the findings and considers whether the latter technique could be a viable alternative to today’s standard method.   

Preparation of sample film
Sample material was new ORWO 35mm Positive Motion Picture Film PF2 black and white based on cellulose triacetate.  The film was supplied both with and without emulsion on special request by Filmo Tec GmbH in Wolfen, Germany.  Formulation of the base was confidential, so information concerning the plasticizer and other additives was unavailable.  Rolls of film were thermally pre-aged with the aim of deacetylating the cellulose acetate base to two different stages.  Film which was to be either slightly or highly degraded was enclosed in aluminium bags and kept in an oven at 90C  in the dark for 10 and  30 days respectively  based on accelerated ageing experiments used by  Adelstein et al. (1997). 

After degradading, rolls were washed in tap water at 20 2C for 90 seconds using a microprocessing machine prior to being conditioned at 50 2% relative humidity for 21 days. To investigate the long-term stability of new, slightly- and highly degraded film, rolls were packed in airtight aluminium bags before undergoing thermal ageing at 60C and 50% RH for 220 days.  The extent of degradation of films was quantified using WLFAT and ATR-FTIR spectroscopy periodically during the ageing period.  

      Techniques to measure degradation of film
      Water-Leach Free Activity Test 
One gram of film (approximately 18cm of 35mm), finely divided using scissors, was dispersed in 100mL deionised water. Following 24 hours of continuous agitation at 38oC, the mixture was filtered and titrated against 0.1 M NaOH  using metacresol purple as indicator. Indicator solution was prepared by dissolving  0.1g  metacresol  purple in 13.1mL 0.2M NaOH and diluting to 250mL with deionised water; at the equivalence point,  a change in colour from yellow to purple was seen. Blank titrations where no film sample was present, were carried out. Duplicate measurements were made for both sample and blank titrations.  

The amount of free acid was calculated from the equation (Adelstein et al. 1995a): 
free acidity =     
where 	S = mL of titrant used for the sample
	B = mL of titrant used for the blank (no film sample)
	NT = normality of the titrant
	W = mass of film sample weight in grams

To investigate how reproducible the Water-Leach Free Acidity Test was, acidity values of ten samples of slightly degraded  ORWO 35mm Positive Motion Picture Film PF2 were measured and the standard deviation calculated from  the following equation:






		μ = mean of recordings
		n = number of replicas
					
The standard deviation obtained, 0.016 was  considered  acceptable for “slightly“ degraded samples, although titration values revealed that the film was not as degraded as expected. The indicator colour for five of the samples shifted immediately (before the titration started) (Table 1). The standard deviation for film after prolonged thermal ageing was calculated and a maximum value of 0.707 obtained, indicating the necessity of duplicate measurements.

Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy
Spectra of films were collected over 30 scans at a resolution of 4cm-1 between 4000cm-1 and 
600cm-1 (the lower limit of sensitivity for ATR), using an ASI DurasamplIR single reflection accessory with an angle of incidence of 45° and fitted with a diamond internal reflection element in a Perkin-Elmer Spectrum 1000 FTIR spectrometer. Because the quality of spectra was dependent on achieving intimate contact between the DurasamplIR’s diamond  (active area of 1mm diameter) and the film, repeatable pressure distribution was applied to all samples using the flat, circular tip of the pressure device controlled by a torque limiter supplied with the accessory (Figure 1).   

No preparation of film samples was necessary. Samples with emulsion were examined on the cellulose acetate base-side,  that opposite  to the “emulsion-side”.  Both sides of the film without emulsion gave  different spectra; traces of protein were identified on one side, thought to be the remains of  removing emulsion during processing, while only cellulose triacetate was identified on the other.  The ‘cellulose triacetate side’ was used for analysis. Three spectra were run at random positions for each sample,  each spectrum took approximately 30 seconds to run. 

The heights of  FTIR peaks  at 1752cm-1 (relating to the concentration of C=O groups which are reduced during deacetylation) and those at 1372cm-1 (relating to the concentration of  C-H groups, a ‘reference’ peak not involved in deacetylation) were measured on raw absorbance spectra without manipulations or baseline corrections (Figure 2).  The average of the C=O:C-H ratio at three positions was used to compare the extent of degradation of  cellulose acetate in new, slightly and highly deacetylated samples with and without washing and on thermal ageing.

The presence of   a  peak in an infrared spectrum which represents a particular chemical bond but originating from two different materials,  complicates the interpretation of quantitative measurements.  There was a possibility that the carbonyl peak in cellulose acetate was overlapped by  peaks due to carbonyl in other components of the film, for  example the plasticizer.  The identity of plasticizer in ORWO PF2 film was unknown.  ATR-FTIR spectra of two of the most frequently used plasticizers for photographic materials (di-ethyl hexyl phthalate (DEHP) and triphenyl phosphate (TPP))  were investigated for overlapping peaks.  A spectrum of DEHP showed a peak, attributed to carbonyl, ten wavenumbers lower that in cellulose acetate; such a difference was sufficient to separate the two materials (Figure 3). A spectrum of TPP did not show any interfering peaks.

Ballany’s (2000) approach to calculating standard deviation was applied to new ORWO PF2 film  with and without emulsion. Instrumental errors were determined by running ten spectra at the same position or spot on films and calculating the C=O:C-H ratio for each (experiment A) . Sampling errors were considered   to be both differences between the C=O:C-H ratio at ten different positions on the same sample (experiment B) and at ten random positions in film rolls (experiment C). 





where 	= standard deviation from experiment A
	= standard deviation from experiment B
= standard deviation from experiment C

  = instrumental error
= sampling error due to selection of spots for analysis








Results and discussion of examination of  new, slightly degraded and highly degraded CA films  by WLFAT and  ATR-FTIR spectroscopy
Change in acidity values and C=O:C-H ratios with time for new, slightly- and highly degraded ORWO PF2 films with and without emulsion and before and after washing are shown in Figures 4-7.  When considering the results of WLFAT, the autocatalytic point corresponds to an acidity value of 0.5mL 0.1M NaOH; the rate of degradation and acidity value increases sharply at this point.  An acidity value greater than 2.0 indicates severe degradation (Adelstein 1997).   By contrast, the C=O:C-H ratio decreases as deacetylation progresses and carbonyl groups are replaced with hydroxyls.  Ballany (2000) suggested that a C=O:C-H ratio below 2.0 indicated the onset of deacetylation for three dimensional cellulose acetate objects. 

Untreated film without emulsion 
Results from WLFAT suggested that highly degradation films showed autocatalytic degradation (acidity value 0.5) prior to further ageing and that the degradation of such films progesssed more rapidly than for the others (Figure 4).  Slightly degraded films had attained an autocatalytic state after 100 days of accelerated ageing and attained an identical acidity value to highly degraded film after 220 days. New film degraded at a measurably slower rate than the others, and required approximately 180 days to reach the autocatalytic point.  

The C=O:C-H ratios obtained are in the same order of magnitude as Ballany’s, although the onset of deacetylation occurred at around 2.15 and not 2.0 as she found.  ATR-FTIR suggested that highly degraded films deacetylated more rapidly than those slightly degraded which, in turn, degraded more rapidly than new.  Despite having the same initial C=O:C-H ratio as highly degraded film, slightly degraded film, both showed the same loss of C=O groups after 220 days.  In conclusion, examination of  films without emulsion by WLFAT and ATR-FTIR showed identical trends in their rate of degradation. 

Film without emulsion after washing
WLFAT showed no measurable differences in rate of degradation of films before and after washing.  Highly degraded films deacetylated more rapidly than slightly degraded which, in turn, deacetylated more rapidly than new (Figure 5).  ATR – FTIR suggested that  although the rate of deacetylation  for slightly - and highly degraded films remained unchanged on washing, that of new film was greatly accelerated until it matched that of slightly degraded; such findings contrasted with those of WLFAT. Comparing data from WLFAT and ATR-FTIR, it may be proposed that the onset of deacetylation occurred at C=O:C-H ratio around 2.23.

Untreated film with emulsion
Results of WLFAT were comparable with  those obtained from the corresponding films without emulsion (Figure 6). Highly degraded films showed autocatalytic degradation prior to further ageing and continued to degrade more rapidly than  slightly degraded and new films.  Even after 200 days, new films had not attained the autocatalytic point.  ATR-FTIR suggested that highly degraded films deteriorated more rapidly than the others over the entire ageing period. Unexpectedly, new and slightly degraded films appeared to stabilize slightly after 88 days, demonstrated by a temporary increase in C=O:C-H ratio.  Since the increase in C=O:C-H ratio was greater than that due to experimental error, the apparent stabilization is difficult to explain. Examination of films without emulsion by WLFAT and ATR-FTIR showed identical trends in their rate of degradation during ageing although FTIR suggested a temporary stabilization after 88 days.

Film with emulsion after washing
Results of WLFAT  before and after ageing were identical to those obtained for the corresponding films prior to washing (Figure 7) Examination by ATR-FTIR showed no differences between the rate  of degradation of  films before and after washing. The apparent temporary stabilization after 88 days seen before washing was also seen after treatment, suggesting that it was significant and not an anomaly. 
 
Conclusion
Both Water Leach Free Acidity Test and ATR-FTIR spectroscopy gave highly repeatable measurement; the standard deviation of the former technique was 0.016-0.707 and of the latter 0.003-0.040.  These values suggest that both techniques are equally effective at quantifying the degradation of cellulose acetate film with the use of repeat measurements.

Comparison of results from WLFAT and quantitative ATR-FTIR spectroscopy showed similar trends in extent and rate of deterioration of new, slightly- and highly degraded ORWO PF2 films with and without emulsion.   Similar trends in results from the two techniques were also observed before and after washing films.  It is possible that ATR-FTIR spectroscopy was more sensitive at detecting small differences in levels of degradation than WLFAT because films had identical acidity values but different C=O:C-H ratios  prior to thermal ageing.  A repeat of the research described but with more frequent measurements is necessary to investigate the finding.       

WLFAT could be used to identify the point at which autocatalytic degradation started; this is important information necessary to predict the longevity of cellulose acetate and to plan for copying of films. By contrast, it was not possible either   to detect the start of autocatalysis or to define the point at which degradation was initiated with certainty using ATR-FTIR.  Ballany’s  finding that a  C=O:C-H ratio below 2.0 indicated the onset of deacetylation for three dimensional cellulose acetate objects was not applicable to film. It appeared that deacetylation occurred at between 2.15 and 2.30 for  ORWO PF2 films.  Further investigation of  the relation between acidity value and  C=O:C-H ratio is necessary. 

When comparing results from the two techniques, it is important to bear in mind  that ATR-FTIR quantifies the extent of deacetylation  at surfaces of the film base, while the Water-Leach Free Acidity Test measures the water soluble acid present in the whole film (that is from cellulose acetate, oxidation of gelatine which generates aldehydes and carboxylic acids,  (Edge 1994) hydrolysis of  plasticizer and binding materials).  This could account for any differences in findings between the two techniques.

Examination of deacetylation of cellulose acetate film by ATR-FTIR spectroscopy required a few minutes, was non-destructive and relatively simple to perform. By comparison, examination by WLFAT required large samples (18cm length of 35mm film per repeat), took around 26 hours before results were obtained and required experience and practice to detect the titration’s endpoint. At present, ATR-FTIR cannot be used to quantify the autocatalytic point but, due to its high repeatability, non-destructive and rapid nature, it could be a highly effective method to regularly monitor the condition of a film archive. Further development of ATR-FTIR spectroscopy seems likely to result in an additional, effective tool for film museum and archive professionals. 
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Table 1:  Standard deviation for the Water-Leach Free Acidity Test (calculations based on ten samples from a slightly degraded roll).
Table 2:  Standard deviations and errors for samples measured with ATR-FTIR on new film with emulsion.

Figure 1: ASI DurasamplIR accessory fitted with a diamond crystal gives FTIR spectra of materials non-destructively.

Figure 2: ATR-FTIR spectrum of cellulose acetate film with peak heights marked at 1752cm-1 (used to quantify C=O groups) and  1372cm-1 (used to quantify C-H groups).

Figure 3: ATR-FTIR spectra of two of the most frequently used plasticizers for photographic materials (di-ethyl hexyl phthalate (DEHP) and triphenyl phosphate (TPP)) showed no interfering peaks with cellulose acetate film. 

Figure 4:  Results of  WLFAT (a) and ATR-FTIR (b) for untreated film without emulsion. 

Figure 5: Results of  WLFAT (a) and ATR-FTIR (b)for film without emulsion after washing. 

Figure 6: Results of  WLFAT (a) and ATR-FTIR (b)  for untreated film with emulsion
























Type of error/standard deviation
	Ratio peak heights 1752cm-1: 1372cm-1 ( C=O/C-H)
Standard deviation from experiment A	0.005
Standard deviation from experiment B	0.015
Standard deviation from experiment C	0.042




Table 2:  Standard deviations and errors for samples measured with ATR-FTIR on new film with emulsion.



